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Heavy neutrinos at low scales

~ M
Type-| seesaw: L DO —y” (LH) N 2N NE¢N -+ h.c.

(3x3) (3x?) (?x?) (?x3)

M, ~ MpMy' M},

We know nothing Mn. It may hide new symmetries and new dynamics.
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Heavy neutrinos at low scales

~ M
Type-| seesaw: L DO —y” (LH) N 2N NE¢N -+ h.c.

(3x3) (3x?) (?x?) (?x3)

7—1agsT
M, ~ MpM* M}
We know nothing Mn. It may hide new symmetries and new dynamics.

/ ) - pm? = 2'mA +
0 m ¢ %3 my = .

1 . 2 /
~Lymass D5 NOS) |mopt A [N°] e A% =

e AN u S¢ 3 - - -
mall neutrino masses in lepton number conservation
\ (L=-1) limit associated with pseudo-Dirac,
= violating lepton number (L= +1) low-scale seesaw partners.

Important to remain open-minded about the mixing, masses, and interactions of heavy neutrinos.
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Laboratory searches
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Laboratory searches

, 5
Typically, long-lived particles.  — ~ |Upa? (r[r:;N)
" Under the MeV-GeV lamppost:

N |Ua4|2

1) Missing mass in pion or kaon decays

,
/K =+ IN —> (prx—pi)? =M%

2) Decay-in-flight beam dumps / neutrino exps

7w/K — {N — N propagates — N decays visibly

Most progress made with invisible or long-lived HNLs.

10712 | "Lj‘ ™ B | e Lifetime is bounded from above due to BBN constraints (fn < 0.1 s).

my GeV] In all generality, there is no lower bound.
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Decay-in-flight searches

T2K near detector (ND280)

C. Arguelles, N. Foppiani, MH arxiv:2109.03831

SUper-Kamiokande
protons

Proton and ND V,u 'y
l Horn 1 Horn 2 Decayvolume Hadrondump
T ————
e =Tk |—— =

“ A st
— Neutrinos
B field N

Hodoscopic

hodos — path
Scopos — observer

describes detectors that precisely reconstruct, track, and identify charged particles.

Especially true for low-density detectors like Gaseous Argon Time-Projection-Chambers (TPC).
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Decay-in-flight searches

T2K near detector (ND280)

C. Arguelles, N. Foppiani, MH arxiv:2109.03831

Super-Kamiokande

protons

Proton and V,u 'y
l Horn 1 Horn 2 Decayvolume Hadrondump
T ————
ﬁ- — — - —_L "’ K M P T
“ T — e e
— Neutrinos
B field N

Most sensitive searches below the kaon mass:

ND280 @ T2K (low-density GAr TPCs)

PS191 (low-density Helium bags)

(1985 — 1 month of data) . - gf;i: o, GATPC1 GATPC2 GArTPC3

PLANE VIEW

iron shield
(Sm)

decey funnel

19 GeV l L91m) l
Drotons s ‘:%_ beam' axE L

. earth (65m)

G. Bernardi et al, Phys. Lett. 166B (1986) 479483 T2K collaboration, PRD 100 (2019) 5, 052006
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Decay-in-flight searches

T2K near detector (ND280)

C. Arguelles, N. Foppiani, MH arxiv:2109.03831

T2K performed a background-free search in multiple channels, o | |
saw no events, and placed constraints on all HNL mixing angles. Re-evaluated PS-191 limits (~7 times weaker than lit),

and showed that T2K provides the leading limits on HNLs
No constraint was placed at My < My decaying to e+e- below the kaon mass™.

Uen| = |Usn| =0

e
. . s . ™ .
We derive new ones by extrapolated the efficiencies. e T2K full (this work) —-
-, .
10_3 _ ~“~.~~ T2K (this work) Il
~
PS191 (this work) NN
?\ 0-35 [ ] l I 1 1 ] | LI I I I [ l _
é - ¢ K= uN-opgE =) : : _
g 0.30— 1 K—>eN-e n) } —]
= 0 ~ 5273 )
“5 ~ K—)L.N—)]J(CTC, :::TL-l‘i : ]
[ 7 K->uN-opu(ev) CI i ' ' I
0.20}- | ¢ -
[ K—)gN—;e(e ve v.) i .
S -
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Decay-in-flight searches

T2K near detector (ND280)

C. Arguelles, N. Foppiani, MH arxiv:2109.03831

T2K performed a backgroun

saw no events, and p|aCed C( Its (~7 times weaker than |It),

ides the leading limits on HNLs
below the kaon mass™.

Cosmological constraints from BBN are complementary,
and severely constraint HNLs below the kaon mass with

No constraint
eN| =|U,n| =0

ct >0(0.1)s

T2K full (this work) ==

T2K (this work) Il
| PS191 (this work) NI
"~~~ MicroBooNE (Kelly-Machado) EXJ
BBN ©Z3

We derive new ones b

;.
[
Lh

But HNLs can be much shorter lived in the presence of

$ K-> uN-opu

elficiency

030F | KoeNoew new Interactions.
- K—=>uLN-=u(

0-25:— K—eN-ele
B | K—=uN-—-nu(e

0.20 B

, K—=a>eNoel(e |

N |Ua4‘2

1L By ! :

80 100 150 200 400
anv/hde\f

New forces compete with a “weaker-than-weak” rate.

PI M. Hostert * True also for other leptonic decay channels: yy, ut, ey, etc. 10
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Upper bound on the lifetime

CTv?reak CTO
++ decays-in-flight scattering production prompt, meson decays
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Upper bound on the lifetime
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Decay-in-flight searches

T2K near detector (ND280)

C. Arguelles, N. Foppiani, MH arxiv:2109.03831

Event rate proportional to new physics decay rate
Uen| = |Usn| =0 Gx/Gr = 10°

|
PN_)X ~ Edet I‘l\]_>X B T2K (this w?rk)
y )6 === T2K full (this work)
B PS191 (this work)
_ 1 MicroBooNE (Kelly-Machado)
107° 1 w24 BBN (Sabti et al)

\

Very sensitive to additional contribution to decay rate

5 R R,
FN—)z/e"'e— _ Fwea,k + Fnew—physics 109 - ; ~~~~~~~~~
].0—11 -; N <’j“ //./// N~ ——— J
; Gx |
Consider a four-fermion vectorial interaction: 10-13 (I B , ft,,' A '/%%77”~:
20 40 60 &0 100 200 400
Gy ,~— —
£ =X (Ny"N) (€gy,L5) + hec. my/MeV
V2 | If decay proceeds via neutrino mixing, the new

force ought to be stronger than weak
but still unproved parameter space.
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Decay-in-flight searches

T2K near detector (ND280)

C. Arguelles, N. Foppiani, MH arxiv:2109.03831

The decays do not have to proceed via mixing. Consider

g . —6 /o
a transition magnetic moment operator: Uen| = [Urn| =0, per = 1 x 1077 /GeV
-5 _
Htr 10
Main decay into real photons: unfortunately, no good for 107
low-density detectors like ND280. & e
But virtual photon rate is still competitive. Collimated e+e- = 1077 -
a greater challenge, but magnetic field (B = 0.2 T) helps.
N — veTe™ — LH dirac my = 150 MeV 10—11 - ~
0.5 - . N s wete — LHdirac my=150Mey 2+ e ——- -
—_— z;;zreizu;ieézizn 057 vectar four-fermion === T2K full (thlS \VOI’k) - PS191 (thlS work)
0.4 - —— NC only 0.4 - e e moment BB T2K (this work) [ BooNE (Kelly-Machado)
/ €+ 10_13 ' I ' I T 1 | y
;% el 20 40 60 80 100 200 400
@0.2— - 0.2 - mn /MeV
— - 0.1 1
01 ] _‘_)f
_: 0.0 ‘_I—‘_'] i - '_‘=‘_‘_'\_\_
0.0 | %——Iﬁ,_ 0 25 50 7 100 125 150

te~ invariant mass (MeV)
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d (distance between bent trajectories at 10 cm)
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Decay-in-flight searches

T2K near detector (ND280)

C. Arguelles, N. Foppiani, MH arxiv:2109.03831

The decays do not have to proceed via mixing. Consider

.. . Uen| = |U-n| =0, my = 250 MeV
a transition magnetic moment operator:

LD %%J“VNFW

Main decay into real photons: unfortunately, no good for
low-density detectors like ND280.

But virtual photon rate is still competitive. Collimated e+e-
a greater challenge, but magnetic field (B = 0.2 T) helps.

10-12 - BN T2K (this W?rk) \\\ \""',‘-—'"’
N = vete~ — LH dirac my = 150 MeV —== T2K full (thiz work) vl g
0.5 eoton fou o . N = ve'e — LHdirac my = 150 MeV N PS191 (this Work) hS ~~..-"/
—— magnetic moment ) vector four-fermion 1 BooNE (Kelly-Machado) MiniBooNE ROI
047 — NConly 0.4 — lr\n?g:;;ik o 14 |7=== pBooNE-y (this work) (Fischer et al)
/ €—|— 10_ L | ! L | ' L | ' L |

- 0.3 1 : 0.3 1 10—9 10—8 10—7 10—6
"2 Ho 0.2 1 | /GeV

0.1 a : " = _ _‘=‘—\_\_‘_

= 0.0 0—"‘“ o+~ ———  MicroBooNE (high-density LAr detector) can do significantly better
"% ; ) ; . ; e mvariant s (MeV) with the photon channel, but backgrounds are likely to be severe.

d (distance between bent trajectories at 10 Cm)
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Upper bound on the lifetime

CTv?reak CTO
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Heavy neutrinos + dark forces to accommodate MiniBooNE

Neutrino portal + kinetic mixing.

Neutrinos up-scatter into HNL,

which promptly decays via v, N Vg, Vg v, q v, q
_I_ _
9pUanUpn apU%NnUsn ee

mg =74 MeV, ms =146 MeV, mg =220 MeV

150
V coh N5 — N4 (186 events)
+ incoh N5 - N4 (337 events)
V — 2 100 4 —4= coh Ng —» N (28 events) .
M V//L N Z/ € 7 J + incoh Ny — N4 (51 events) Overlapplng aS We” aS
energy asymmetric ete-

& 501 fake the MiniBooNE excess.

N
Excess events
.
I,J |
M
-
¢))
-
(@)
<

1

+ ' . gl l
e o ++ 1:4::}: S
Carbon : . : . ] :
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400 4
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» 00 4
B w 2 = 4.6 % 107
g 200 An I :
2 gie I
= 100 - ‘
0 +—0—A_‘5—+—++\—§—:—h*—+:_’_+§- +

L 1] 1] 1 1] L L]
—-1.00 —-0.75 —=050 —0.25 0.00 0.25 0.50 0.75 1.00
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Upscattering in dense neutrino detectors

T2K near detector (ND280)

C. Arguelles, MH, N. Foppiani, in preparation.

T2K Collaboration, Phys. Rev. D 100, 052006 (2019)
See also, Vedran Brdar et al, arXiv:2007.14411

Heavy lead plates
+ Gaseous Argon modules
+ Magnetic field to separate e+e-

Pb POD Pb GArTPC 1 GArTPC 2 GArTPC 3

Constrains events with no hadronic activity at vertex
and HNLs w/ finite lifetimes.
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Upscattering in dense neutrino detectors

T2K near detector (ND280)

C. Arguelles, MH, N. Foppiani, in preparation.

T2K Collaboration, Phys. Rev. D 100, 052006 (2019) 0.4 1 [ std N decays-in-flight
| V B t al Xiv:2007.14411 heavv Z', mz = 1.20 GeV ] ] ]
See also, Vedran Brdar et al, arXiv:200 B light 2/ e — 30 MeV Scattering signal is softer than DIF one, but
0.3 - .. . .
efficiencies remain large.
g 0.9 oy =— 150 MeV
. Ga':eei‘;i ':%%E'ﬁ:gzules I Backgrounds close to the Lead layers are large,
+ Magnetic field to separate e-+e- . SO restricted to gaseous volume.
M
L
0.0 4 — ;
Pb POD Pb GArTPC1  GArTPC2  GArTPC 3 0 2 1 6
e¢Te™ energy [/ GeV .
0 Preliminary
10" 5w n : o
independent. | o ﬂ
10~ constraints | P ]
_9 H ) "
Precludes any signature of 1 RS |
upscattering at other - 10" \A /
. . . — : I .|5|
neutrino experiments if 3 | ifetime : o )
= =6 7 MiniBooNI:
[(0) parameters BN/ ROT
ctau > O(5) cm ;2
Vo 1 p
].(_) O - VN D 2 = 10 2
. . o Vwpt=107t
Constrains events with no hadronic activity at vertex 10-10 .
and HNLs w/ finite lifetimes. 1073 10~2 101 10"

mn /GeV
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Dark neutrinos @ MicroBooNE

New generation of Liquid Argon detectors at Fermilab can search for (e+e-) events and will test MiniBooNE results.

Currently investigating these signatures in LAr together with microBooNE single-photon group.

no .
P ?11) ¢
Vo N
gap?
Z/
Ar

% 305— NC A — Ny

0 mf_ LEE Model (x, =3.18)
=[] Al Other Backgrounds

30" 22, Total Unconstrained
-~ “Background & Emrer

NC1x° Resonant A(1232)
BINCi DIS
B NC1 Higher Resonances

MicrcBooNE ty1p Data

(6.80x10” POT)

\\ Total Constrainec
'i’ Background & Error

Urconstrained

Constrained

Negative single photon results

Events Observed / Predicted (no eLEE)

N
W

2.0 4

1.5 4

1.0 ¢

0.5

0.0

® MicroBooNE Observed
«= Predicted, no elEE (x = 0.0)
- Predicted, w/ elEE (x = 1.0)

B

le'l:)
CCQE

} ¢

leNpO7 1e0pOm  leX

Neqgative single electron results

1S1T - mock example

P

-
_—

Shower

No existing results yet

» Coherent single photon
* e+e- pairs
* diphoton pairs

Still a lot of work to do in this direction.

P .
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https://arxiv.org/pdf/2110.00409.pdf

The Impact of Secret Interactions

weak

prompt, meson decays

++ decays-in-flight scattering production
V vy, N
N / T
Z ’< /o 7
f—|— /@\
H H




Prompt decays at Kaon factories

Three Chal’ged \eptOﬂ Slgnatures P. Ballett, MH,a S. Pascoli arxiv:1903.07589

MH, M. Pospelov, arXiv:2012.02142

Rare leptonic kaon decays Light dark photon case
| ve = 400 MeV, m,, = 300 MeV, x*=10"°
Peak search + (displaced) e+e- vertex Smoking gun peak at light 104 - :
Ou. Cosu, oo !
, dark photon and HNL mass 3 e o e 2 O :
s 1072 4° @bt P | ==
K \\ ——————————————— I peak searches
S| =
/ 107 ?i 1
Z5 A . < | 3
3 1078 o | d
<, = < :
1 —9 2y | 1
B 0 g 1_‘—\_| E Z,
|
10—10 g T NA62 (K — pwvee) g L—‘_’_I_‘T
a . J
Several kinematical constraints 10~ .
10_12 1 § T T i T T
Pk — pe| = mn 0 50 100 150 200 \ 250 300
mz = g'v, (MeV)
TMmiss — ‘pK — P¢ — pee| = (
Mee = Mz or Mee < MN Bump hunt and displaced vertex search currently
being carried out at NAG2.
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Prompt decays at Kaon factories

Three Chal’ged \eptOﬂ Slgnatures P. Ballett, MH,a S. Pascoli arxiv:1903.07589

MH, M. Pospelov, arXiv:2012.02142

Rare Ieptonic kaon decays | |l inht Aavir nhAatAan Aaacecn

_ 2V, my, = 300 MeV, X2 =108
Peak search + (displaced) e-

If the dark higgs is light, dilepton will come associated with 4 lepton decays! T S oSM :

i i I

eV |
K £ These channels are background free and also allow to measure multiple dark S L"&%EESJ&:EQ{-
sector particle masses. -~ — —
Y 3 :
= N
/ - " i }

T
K+ I *’ U : i 5
-=oe- Y ha ., ‘—\—\_é 3
ha o ﬂ | ;

N Oyt 'C: N V. i
\ Y’\,\' 62 (K — pvee) g L—‘_’_I_‘T
Y. Ya \\‘_ ',’

Several kinematical constrai g ‘ A T e
PK — Pe| = TN NN > N 9 100 150 200 \ 250 300
N fid Mhy > &MN mz = g'v, (MeV)
TMmiss — ‘pK — Pt — Pee| = U
Mee =Mz or Mee < MN Bump hunt and displaced vertex search currently
being carried out at NAG2.
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Conclusions

By reducing the lifetime of the HNLs with a new force, we expect signatures in:
decay In flight —> upscattering —> meson decays

Multi-lepton final states currently being searched for at NA62

Thank you!

P .
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All Distributions

On-shell light Z’ Off-shell Z’ w/ Z-Z’ interference Off-shell Z’ (no Z-Z’ interference)

E. Bertuzzo et al., PRL121.241801 P. Ballett et al, PRD 99.071701

C. Arguelles, MH, Y. Tsai, PRL123.261801 A. Abdullahi, MH, S. Pascoli, arXiv:2007.11813

mg =74 MeV, ms =146 MeV, mg =220 MeV

o)
8

- MiniBoaNE excess dala 150
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'Ziv 2 1i0[| g M= 1.215 GeV, M =0.140 GoV 2 100 - coh Ng — Ny (28 events)
jf L% 120'_;_._ ___ ___ Sterile Neutrina Oscillation 5 incoh Ng — N4 (51 events)
= 1.0 - w FE sin“28 = 0.884, A m* = 0.04 eV* o
S B 100F= 0
= 8 TEEES 7
- — |jj 80~ 1 a
2 == i
¥ 0.5 B0 Energy -
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¢ 200 - S Sterile Neutrino Oscillati 5 = 0 X
- - s g — 4 T - erie Neutnno ciiation =
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—4— -
. e S B ' . . : . : . .
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MiniBooNE 2018 MiniBooNE 2018 MiniBooNE 2020


https://arxiv.org/abs/2007.11813

“Double-bang” events at CCFR

Experimental anomalies in the 80/90’s — not ruled w/ newer hypotheses

Double-bangs @ CCFR

NHL: e . Result was not pursued further as standard HNLs would
| Production (NC): Decay (NC): also lead to NC/CC events (N —> i/ 11).
v Ny = S
------ = I
- —— — N —(
W .

’0
*
’0
4

9 NC/NC observed on a background of 34-0.2 (stat.)+0.4 (syst.)

But our dark HNLs only decay via NC channels,

To the best of our knowledge, this is not explained to this date.
P. de Barbaro, doi.org/10.1063/1.43269

compatible few events at Ev ~ 100 GeV (DIS cross section is small via Z').

P .
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LSND & KARMEN

LSND: 1993 - 1998  arXiv:0104049 KARMEN: 1990 - 2001 arXiv:020302

1) 800 MeV proton beam, 1.8e23 POT!
2) 1 decay at rest and in flight:12° nu/p beam angle. General idea:
3) - contamination: 7./, ~ 8 x 10~ *

1) 800 MeV proton beam, 6e22 POT!
2) 11 decay at rest mostly. Detector 90° from p beam.
3) - contamination: 7./, = 6.4- 1074
at - ut + Yy 4) Baseline of 17.7 m
5) ~167 tonnes of liquid scintillator 5)
6)

| ~57 tonnes of liquid scintillator
6) 8.3 mlong det along nu beam.

3.5 m long det along nu beam.

§ 17.5} ® Beam Excess | T | |
N S — ‘ =
el . pw,—v,.6°) - -
§ 128 o€’ B - g 6 b)
olhe V % V v
M € a 4 — s —_—
E o e o
> 2 .
_ Ly
> 0 I I R TR R N T B RN ? ] ? l ?_
‘ 20 30 40 50
04 06 038 1 1.2 14 energy prompt event  [MeV]
L/E , (meters/MeV)
EXCESS: 87.9 + 22.4 + 6 EVENTS e NO EXCESS

3.8 sigma

To this day, the most sensitive SBL Vy = Ve appearance experiments.

P .

Pl M. Hostert 28


https://arxiv.org/pdf/hep-ex/0104049.pdf
https://arxiv.org/pdf/hep-ex/0203021.pdf

MiniBooNE update 2020

1) Significance increases when restricting 2) Excess overlaps w/ beam time 3) New 2-D distributions in
to smaller fiducial volume E vs angle.
Excess
¢ 300 — — — e (Data - Backgrounds)
5 [+ -~ - M Caa o
T 1 ] v, from p** 3 : |
- P —/] v, from Ko" .
- BN . ./ v, fromK 4 =
Fiducial cut Excess igni 200 —+— — f;"'ﬂg . 0-5¢
5 A dirt
R <500 cm 560.6 = 119.6 - [ other -
- O-
R <400 cm 472.6 = 81.7 0.8 0 00‘ E
1 -
R <300 cm 208.8 = 40.3 0.2 0 - s
% 5 10 15 e OF B -10
Bunch Time (ns) 500 1000

Eyis [MeV]



Novel oscillations?

Minimal eV sterile oscillations. 1.27Am31[ev2]L[m] ~ O(1) AmZn; ~ 1eV?

v, disappearance + cosmology E[MeV]

excludes this model.

to be contrasted with known values of
P. Machado - Neutrino 2020

"99% CfL Ams ~ 7.4 %10 eV’ IAm3;| ~ |Am3s| ~ 2.5 x 107 ° eV?
2 do
101 C .o. -
@) @)
— Ve/Vu—Ve | Am2],
N . : .\ - 3+1 2 2 .2
% ( Fixed Fluxes) PVj—)VG — 4|U’u4| ‘U€4‘ sin ( )
— 10" - 41F
k=l
<]

e .o (Am*L
MINOSH "ﬁg Py, =1 —4|Uuu*(1 = |Uyal?) sin® ( w )
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New exotic hypothesis to explain MiniBooNE

Open the floodgates to exotica

New signatures:
. NV
Gninenko 1107.0279 o v
Heavy neutrino O(MeV), magnetic moment, decay

Bertuzzo et al 1807.09877, Ballett et al 1808.02916,
Arguelles et al 1812.08768

Heavy neutrino O(1-100MeV), light Z', decay
W. Abdallah et al 2010.06159
Oscillations+:

Asaadi etal 1712.08019 C)(\(,\\caf‘q?'
Resonant matter effect N

Doring et al 1808.07460, Barenboim et al 1911.02329 Usually involving sterile neutrinos + “new” new physics.
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Decay: 0001,
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O. Fischer et al 1909.09561 &%
Long lived HNL O(MeV) mag moment

Bai et al 1512.05357, Dentler et al 1911.01427, de _ |
Gouvéa et al 1911.01447 w0

N
Heavy sterile O(keV-MeV) decay to ve W
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New exotic hypothesis to explain MiniBooNE

Open the floodgates to exotica

New signatures: O 14 Transition magnetic moment and this talk.
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New physics a7 | 2
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New exotic hypothesis to explain MiniBooNE

Open the floodgates to exotica

New signatures: O v Transition magnetic moment and this talk.
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New exotic hypothesis to explain MiniBooNE

Open the floodgates to exotica

New signatures: O v Transition magnetic moment and this talk.
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